Abstract-Hardware in the loop testing is increasingly important product testing for cutting down time to market. In my previous article I identified the parameters of a DC motor control system using system identification. An implementation of the resulting transfer function was developed on an ARM based hardware in the loop system and has been verified against the original system. The results show that the hardware in the loop system produces responses within tolerance to the stimulus signals and can be used for testing of controlsystems.
I. INTRODUCTION
Model based design is a methodology used in designing and testing controller software implemented in PLCs or microcontrollers. The three phases that phases of model based design are model in the loop (MIL) where only the mathematical representations of the plant and control system are used, software in the loop (SIL) where a simulated implementation of the controller controls a simulation of the plant and hardware in the loop (HIL) where a real controller controls a real-time simulation of a plant. As the last simulation stage of product development hardware in the loop simulation is used to cut down testing time, ensure the correctness of the implemented control algorithm and decrease testing costs. As such it is important to make the simulating device be as close to the real system as possible. Current applications use real-time operating systems to ensure the high refresh rate needed for such simulations and are usually quite costly such as the dSPACE simulator or the National Instruments PXI systems just to name afew.
Real-time computing is divided into soft real-time, where the usefulness of a result degrades after its deadline, firm realtime where infrequent deadline misses are tolerated and hard real-time where missing a deadline is total system failure. Missing deadlines degrades the systems quality therefore a hard real-time simulation method would give us the best results. There are numerous real-time simulations (RTS) currently in literature [1] [2] [3] [4] [5] [6] , however these systems are soft real-time. Similar research has been conducted by [7] reaching simulation step times of 250-50 µs with a low cost hardware implementation. In this paper experiments were concluded to see if a low cost implementation using an ARM processor could achieve the same results for simple systems, thus furtherlowering the testing cost of testing, also providing an opportunity to create a system for the average user. Such a system could also be used in education due to the low price and strong connection to the current control systems course material being taught at the University ofSzeged.
The desired end result would be to create a framework that enables hard real-time hardware in the loop testing for linear time invariant MIMO systems and systems with nonlinear characteristics such as the pneumatic artificial muscle (PAM) since the other main research topic at the University of Szeged Faculty of Engineering is the high accuracy positioning of pneumatic artificial muscles for robotics and rehabilitation applications [8] .
II. METHODOLOGY
The hypothesis being tested was that a 32bit ARM microcontroller could be used for hard real-time hardware in the loop simulation. The microcontroller chosen was the STM32F746ZGT6 on the STM32F746 Nucleo board (Fig. 1) . The STM32F746ZGT6 features a 216 MHz ARM processor with a built in single precision floating point unit enabling operations on numbers represented as floats to be completed under a couple of cycles depending on the operation. A floating point unit is of key importance as it will be shown.
The programming environment used was the Keil MDK with the STM32CubeMX for pin setup and initialization.Measurements were done using LabVIEW, the data acquisition device used was a myRIO (Fig. 2) from National Instruments. To test the hypothesis a physical system was constructed consisting of a small DC motor with a magnet mounted on the rotary shaft and an AS5145 absolute magnetic rotary encoder with 12 bits of resolution mounted perpendicular to the shaft (Fig. 3) . The procedure used was the following. Assuming the model of the system to be the one shown on Fig. 4 where the input of the system is voltage and the output is the rotational speed of the shaft equation (1) and (2) can be derived. (1) and (2) can be derived.
(1) (2) Knowing equation (1) and (2) we can apply the Laplace transform to them. By expressing the current we can substitute (1) in (2) and express the transfer function of the motor (3) where the voltage is the input and rotor speed is the output.
Knowing the nominator and denominator orders of the transfer function polynomials enables the parametric system identification of the system once a step input of 1 V has been applied and its response measured. Since the rotary encoder only gives out absolute position the angular velocity had to be calculated. To calculate the angular velocity an FPGA program had been written that runs periodically every 400 µs. The results obtained and the result of the system identification can be seen on Fig. 5 . The transfer function from system identification can be seen in equation (4) 
To implement the acquired transfer function on the microcontroller a bilinear transformation was performed with the sampling frequency of 100kHz to transform it from the s plane to the z plane giving us equation (5) with the following coefficients.
Using an inverse z-transform the difference equation was obtained from the discrete time transfer function. Implementing the discrete time transfer function is a simple matter. Since the equation only contains addition multiplication and subtraction and each of these operations only requires 1-3 cycles of the ARMmicrocontroller.
III. RESULTS Fig. 6 shows a measurement of a step input applied to the implemented hardware in the loop system in contrast with a pure mathematical model. From the comparison it is visible that the two responsesare close to each other, with an average absolute error of0.88004 rad/s we concluded that using an ARMmicrocontroller is viable for hard real-time hardware in theloop simulation. The STM32F746ZGT6 has a 12 bit analoginput with a maximum sampling frequency of 2.4 MHz thusplacing the maximum sampling frequency of the bilineartransformation at 2.4 MHz, in triple interleave mode thesampling frequency can be boosted to 7.2 MHz, doing soreduces the capabilities of the microcontroller to a single inputsystem.
